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Abstract
Wild waterfowl are maintenance hosts of most influenza A virus (IAV) subtypes and are often the subjects of IAV surveil-
lance and transmission models. While maternal antibodies have been detected in yolks and in nestlings for a variety of wild 
bird species and pathogens, the persistence of maternal antibodies to IAVs in mallard ducklings (Anas platyrhynchos) has 
not been previously investigated. Nonetheless, this information is important for a full understanding of IAV transmission 
dynamics because ducklings protected by maternal antibodies may not be susceptible to infection. In this study, we examined 
the transfer of IAV-specific maternal antibodies to ducklings. Blood samples were collected approximately every five days 
from ducklings hatched from hens previously infected with an H6 strain of IAV. Serum samples were tested for antibodies 
to IAV by an enzyme-linked immunosorbent assay. The median persistence of maternal antibodies in ducklings was 12.5 
days (range: 4-33 days) post-hatch. The majority of ducklings (71%) had detectable maternal antibodies from 4 to 17 days 
post-hatch, while a small subset of individuals (29%) had detectable maternal antibodies for up to 21-33 days post-hatch. 
Antibody concentrations in hens near the time of egg laying were correlated with maternal antibody concentrations in the 
initial blood sample collected from ducklings (0-4 days post-hatch). Knowledge of the duration of maternal antibodies in 
ducklings will aid in the interpretation of IAV serological surveillance results and in the modeling of IAV transmission 
dynamics in waterfowl.
Introduction
Influenza A viruses (IAV) significantly impact public and 
animal health, as well as agricultural economics [1]. Highly 
pathogenic H5 IAVs have proliferated and become endemic 
in wild birds since the emergence of Asian H5N1 in 1996. 
The recent emergence and global spread of 2.3.4.4 H5Nx 
viruses [2–4] combined with the ability of low-pathogenicity 
IAVs to mutate into highly pathogenic IAVs [5, 6] under-
score the importance of understanding how influenza A 
viruses perpetuate and elicit immune responses in wild 
birds. Wild aquatic birds in the orders Anseriformes and 
Charadriiformes are the primary natural maintenance hosts 
of most IAV subtypes [7–10]. Dabbling ducks, including 
mallards (Anas platyrhynchos), are particularly prone to 
high IAV infection rates [10, 11]. While IAVs are most com-
monly identified in poultry and waterfowl [12–14], they are 
also found in many other species that share mallard habitat, 
including passerines [15] and mammals [16, 17].
Studies of infection and transmission dynamics of IAV 
in waterfowl are dependent on information on the infec-
tion and immunological status of individuals. Very young 
animals may have circulating maternal antibodies pas-
sively acquired from their mothers. Often, these maternal 
antibodies are important to the survival of very young ani-
mals [18–22] while fledgling immune systems are develop-
ing. The presence of maternal antibodies may also affect 
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overall population immunity and IAV infection dynamics 
by decreasing the number of susceptible individuals in a 
population [23, 24].
In chickens (Gallus gallus domesticus), which have 
received the most research attention, maternal antibodies 
to various antigens have been detected between 14 and 
41 days post-hatch [25–28]. Influenza-specific studies in 
mallard and yellow-legged gull eggs have demonstrated 
maternal antibody transfer in wild birds and have shown 
that the concentration of circulating antibodies in mothers 
is correlated with the maternal antibody levels detected in 
egg yolks [24, 29].
In the current study, we investigated the transfer and 
persistence of maternal anti-IAV antibodies in mallards. 
We studied associations between maternal antibody lev-
els in ducklings and antibody persistence, hen circulating 
antibody levels near the time of hatch, and nest attempt. 
The primary goal of the study was to investigate the pres-
ence and persistence of maternal anti-IAV antibodies in 
ducklings to further our understanding of how maternal 
antibodies may play a role in influenza A virus dynamics.
Materials and methods
Study animals
Flying mallards were obtained at two days of age from a 
commercial avian hatchery (Murray McMurray Hatchery, 
Inc. Webster City, IA) and were housed in quarantine facili-
ties for two weeks and later maintained in a large outdoor 
flight pen (18.5 m × 38.0 m) prior to testing (Fig. 1). Oral, 
cloacal, fecal, and blood samples were collected from all 
ducks prior to study initiation to detect any current or previ-
ous IAV infection. All studies were approved by the Institu-
tional Animal Care and Use Committee of the United States 
Department of Agriculture National Wildlife Research 
Center (NWRC), Fort Collins, CO, USA (NWRC, Approval 
QA-1912). All indoor pens were equipped with ad libitum 
food and water and an artificial pond. The outdoor flight 
pen was equipped with ad libitum food and water, artificial 
ponds, wooden shelters, and heat lamps during cold weather.
Fig. 1  Outdoor Flight Pen 
Experimental Setup. a) Birds 
were housed in a large 18.5 m 
× 38 m outdoor flight pen. b) 
Most nests hatched synchro-
nously in a single day. c) A 
mallard hen incubating eggs. 
d) Mallard ducklings follow a 
hen into a shelter. e) A mallard 
duckling
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Virus propagation
A North American endemic IAV [A/wild bird/IL/183983-
24/06(H6N2)] of the family Orthomyxoviridae was collected 
during a national avian IAV surveillance program of wild 
birds in the United States that began in 2006 [8]. This virus 
was propagated in the allantoic cavities of nine 11-day-old 
specific-pathogen-free embryonated hen eggs using standard 
methods [30]. The Reed and Muench method was used to 
calculate viral titers [31].
Experimental inoculation and rechallenge
Forty six-month old birds (one-half male and one-half 
female) were successfully infected either by choanal inocu-
lation with  103  EID50 of H6N2 IAV per mL or by contact 
with an infected duck. Approximately a year later, all ducks 
were rechallenged with  103  EID50 of H6N2 per mL, and 
exposure was confirmed by enzyme-linked immunosorb-
ent assay (ELISA). Ducks were transferred to an outdoor 
flight pen following confirmation that all individuals were 
free of virus. Sentinel mallards that had not been previously 
exposed to avian influenza virus were also housed in the 
flight pen, and blood samples were collected from all birds 
approximately monthly to ensure that no additional IAV 
exposures occurred.
Nesting
Twenty female and 17 male mallards were allowed to breed 
naturally in an outdoor flight pen at approximately two 
years of age (six months after their second IAV exposure). 
Four IAV-antibody-negative sentinel mallards (two females 
and two males) also remained in the outdoor pen and were 
allowed to nest. Mowing in the pen was suspended so veg-
etation could grow to provide natural cover for nesting. 
Monthly blood sampling of adult mallards occurred from 
June to October 2014. The flight pen was searched daily 
to identify nests, as well as to track nest location, size, and 
hen association. Hens were allowed to re-nest after either 
nest success or failure. Eggs hatched between July 1, 2014 
and October 16, 2014. Ducklings were banded on the same 
day they hatched, and hatch dates were recorded for each 
individual. Blood samples of approximately 75-100 μL were 
collected from each duckling, generally at 0-4 days post-
hatch. Each duckling was then sampled approximately every 
five days until it consistently tested negative for antibodies 
to IAV.
PCR and ELISA
IAV infections in the adult mallards were confirmed by 
testing oral, cloacal, and fecal samples for IAV RNA by 
real-time reverse transcription polymerase chain reaction 
(qRT-PCR). RNA was extracted using a MagMAX-96 AI/
ND Viral RNA Isolation Kit (Thermo Fisher Scientific, Inc., 
Waltham, MA), and qRT-PCR was performed as described 
previously [32] .
All blood samples were collected in serum separator 
tubes, centrifuged to collect serum, and stored at approxi-
mately 4 °C until testing. The serum was tested for the pres-
ence of anti-IAV antibody by an ELISA using the IDEXX 
AI MultiS-Screen Ab Test (IDEXX AI MultiS-Screen, 
Westbrook, Maine). Samples were considered positive for 
the presence of anti-IAV antibody for sample-to-negative 
(S/N) ratios less than 0.70 [33]. Although the manufacturer 
suggests using an S/N ratio threshold of 0.5 to distinguish 
positive from negative samples, extensive testing has shown 
that an S/N threshold of 0.7 maximizes correct sample clas-
sification for use in mallards [33, 34].
Analyses
Hen and duckling nesting and serology data were collated, 
and all statistical analyses were performed using R soft-
ware [35]. Antibody persistence was calculated for each 
individual duckling as the midpoint between the first day it 
was positive by ELISA and the first day that it was negative 
at two successive sampling points. A potential correlation 
between hen antibody levels near the time of laying and the 
first duckling antibody level measured (0-4 days post-hatch) 
was investigated using a mixed model, utilizing the package 
lme [36]. Initial duckling maternal antibody levels for duck-
lings hatched from first clutches were modeled as a function 
of hen antibody level and day post-hatch (to account for 
potential differences in duckling antibody levels, since ini-
tial sampling varied from 0 to 4 days post-hatch among the 
ducklings). The hen associated with a duckling was included 
as a random effect (to account for the lack of independence 
for nestmates). We also tested whether duckling antibody 
levels at first sampling were associated with persistence, 
using a mixed effects model where persistence was modeled 
as a function of initial duckling antibody level and clutch, 
with hen as a random effect.
Results
We sampled a total of 113 ducklings from 24 nests and 17 
females. The flight pen where the mallards were housed pre-
vented access from most animals; however, small rodents 
and snakes were able to enter the pen. Consequently, we lost 
several nests and many eggs due to predation by bull snakes 
(Pituophis catenifer) during the first month of the study. 
One of the successful nests belonged to a sentinel female 
who was negative for antibodies against IAV throughout the 
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study, and her six hatchlings were also negative for anti-IAV 
antibodies. Of the remaining 23 successful nests, 13 were 
first attempts, nine were second clutches, and one nest was 
a third clutch.
All 107 ducklings from previously infected hens were 
positive for anti-IAV maternal antibodies at first sampling 
based on ELISA S/N ratios. One duckling was just above 
the S/N ratio threshold on day four post-hatch, and one was 
negative on day five, but all others were positive for at least 
a week post-hatch. Overall, ducklings remained positive for 
antibodies to IAV for a median of 12.5 days (Fig. 2), with a 
minimum persistence of four days and a maximum persis-
tence of 33 days. Although the majority of ducklings (71%) 
did not have detectable maternal antibodies past 17 days 
post-hatch, maternal antibodies were still circulating for up 
to 21 to 33 days post-hatch in the remaining 29% of duck-
lings, resulting in a right-skewed distribution of persistence 
(Fig. 2). Antibody persistence was significantly correlated 
with initial duckling antibody levels (S/N ratios, t-value = 
-3.275 for 102 observations and 13 groups).
In general, antibody levels were elevated for the first two 
days post-hatch and then decreased at a nonlinear rate over 
time (Fig. 3), with an asymptote at approximately 17 days 
post-hatch. The median antibody level was negative at 16 
days post-hatch and remained negative for the remainder 
of the testing period (48 days post-hatch). Nonetheless, 
antibody responses showed significant heterogeneity, with 
some individuals exhibiting detectable maternal antibodies 
for nearly five weeks post-hatch.
Hen antibody levels were positively correlated with duck-
ling maternal antibody levels (duckling levels from 0 to 4 
days post-hatch for first attempt nests, t-value = 3.671 for 
48 observations and 12 nests, Fig. 4). Accounting for the 
day post-hatch on which sampling occurred (i.e., 0-4 days) 
Fig. 2  Histogram of antibody 
persistence in mallard duck-
lings. The plot shows the dis-
tribution of maternal antibody 
durations (i.e., how many days 
a duckling was positive for 
antibodies to influenza A virus 
after hatching). Each bar repre-
sents the number of ducklings 
associated with each persistence 
duration
Fig. 3  Boxplots of maternal antibody concentrations over time for 
ducklings hatched from hens previously infected with influenza A 
virus. Each duckling was sampled approximately once every five 
days, and therefore the boxplot for each day post-hatch is based on the 
ducklings sampled on a particular day post-hatch. Concentrations are 
expressed as sample-to-negative (S/N) ratios obtained using a com-
mercial blocking ELISA; values < 0.70 are considered positive. Each 
box shows the interquartile range (IQR, middle 50% of values), hori-
zontal bars are medians, and vertical lines are values within 1.5*IQR. 
Outliers are plotted as individual points
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also showed a significant impact on duckling antibody levels 
(t-value = 3.447). While there was a correlation between 
hen and duckling antibody levels, there was substantial vari-
ability associated with ducklings with high antibody levels 
(S/N ratios < 0.30).
Because ducklings were removed from the flight pen 
once they consistently tested negative for maternal antibod-
ies, various hens laid multiple nests throughout the study. 
On average, ducklings from later nest attempts had some-
what lower antibody levels compared to those from first nest 
attempts, but the relationship was not statistically significant 
(t-value = 0.191). Of the seven females that renested, mean 
duckling antibody level within a nest was similar or lower 
for second clutches for six of seven hens but was higher for 
the second clutch of one of the hens.
Discussion
Similar to previous studies of IAV-specific maternal antibod-
ies in other species [24, 27, 37–39], we found a significant 
correlation between hen circulating antibody levels near 
the time of egg laying and the maternal antibody levels in 
ducklings within the first few days of hatching. While we 
did not find a significant correlation between nest attempt 
and maternal antibody level in ducklings, antibody levels in 
hens and ducklings were slightly lower for second clutches 
compared to first clutches.
All ducklings from hens previously infected with IAV had 
detectable maternal antibodies, with a median persistence 
time of 12.5 days and a range of 4-33 days. The distribution 
of persistence durations was approximately normal for about 
70% of individuals, with a mean around 10 days post-hatch 
(Fig. 2), but nearly one-third of the ducklings had longer per-
sistence times, with several individuals positive through 33 
days. Accordingly, most ducklings from previously exposed 
hens are likely to experience some level of protection for one 
to two weeks, but a smaller subset of individuals have detect-
able maternal antibodies for three to five weeks. Limited 
data have been published on infections in very young birds, 
but at least one study documented IAV infections in wild 
ring-billed gulls as young as three to five weeks old [40]. 
Consequently, maternal antibodies may play an important 
role in IAV dynamics when viruses circulate among very 
young birds.
While we found that maternal antibody persistence was 
correlated with initial duckling antibody levels (which 
were in turn associated with hen antibody levels), we also 
observed significant heterogeneity in the relationship, as 
evidenced by the right-skewed distribution of persistence 
(Fig. 2). Thus, while antibody levels within a few days of 
hatching were correlated with persistence, other factors may 
also influence persistence, such as rate of development or 
body condition. All of the hens and ducklings in our experi-
ment had food available ad libitum; however, we observed 
differences in how quickly ducklings became adept at for-
aging and drinking. While most of the heterogeneity we 
observed was between nests, we also observed significant 
differences in antibody duration within a few nests. This 
heterogeneity within our study may have been due to the 
presence of egg dumping by some females [24, 41] such 
that some of the ducklings may have been misclassified to 
the incorrect female. The birds in our study were provided 
ample nesting space, but prime vegetative cover was some-
what limited such that several hens laid clutches adjacent 
to each other and may have deposited eggs in others’ nests. 
Other potential factors may have included differences in nest 
initiation date during the study period, as well as variability 
between first and second clutches. Regardless, individual 
heterogeneity in the persistence of antibodies is a common 
observation in birds [42].
Most studies evaluating maternal antibodies in birds 
have been conducted in poultry. Across multiple pathogens 
in chickens, maternal antibodies have been detected for 
14 to 41 days post-hatch [25–27, 43, 44]. Consistent with 
those findings, a study on IAV-specific maternal antibod-
ies in chickens found that maternal antibodies persisted for 
approximately 34 days in chicks hatched to hens exposed to 
a recombinant IAV vaccine [28]. Most of the ducklings in 
our study exhibited much shorter persistence durations, but 
several individuals did show antibody persistence durations 
of more than thirty days. No other data are available on IAV-
specific maternal antibodies in wild birds, since the studies 
that have reported on IAV-specific maternal antibodies have 
focused on antibodies found in egg yolks rather than hatched 
nestlings.
Published studies on IAV maternal antibodies in wild 
birds have assessed gulls, mallards, and white-winged terns 
Fig. 4  Hen and duckling influenza A virus antibody levels. Hen anti-
body levels were positively correlated with duckling maternal anti-
body levels for the initial blood samples collected from each duckling 
(0-4 days post-hatch)
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(Chlidonias leucopterus). Three studies have been published 
on yellow-legged gulls (Larus michahellis) [29, 39, 45]. The 
first study [45] found 14% of yellow-legged gull eggs from 
wild birds had anti-IAV antibodies, the second study [29] 
evaluated both adults and egg yolks and found lower antibody 
prevalence in egg yolks from later nests (possibly because 
later-nesting gulls are younger and have experienced fewer 
exposures), and the third study [39] showed a correlation 
between female antibody levels and maternal antibodies in the 
yolks of their eggs as well as a correlation between maternal 
antibody levels in yolks and egg-laying order. A study inves-
tigating the prevalence of maternal antibodies in egg yolks of 
wild mallards and white-winged terns revealed that the preva-
lence of H1 and H3 subtype-specific antibodies was higher 
than that of H5 and H7 subtype-specific antibodies. The high-
est prevalence of H1 subtype-specific antibodies (11%) was 
identified in mallard egg yolks [46]. Collectively, these studies 
demonstrate that maternal antibodies are likely to be common 
in newly hatched birds of wild species frequently exposed to 
IAVs and underscore the importance of understanding mater-
nal antibodies in common maintenance hosts such as mallards.
The other primary study on IAV-specific maternal anti-
bodies in wild birds examined both wild and captive mal-
lards [24]. For wild mallards, nearly half (48%) of females 
and 43% of their corresponding eggs had detectable anti-
IAV antibodies. In contrast, 56% of females, and only 24% of 
eggs, had antibodies in captive mallards. A potential differ-
ence between the wild mallards and the captive mallards in 
that study may have been the number of IAV exposures for 
hens if the wild mallards experienced comparatively more 
exposures. Multiple exposures lead to anamanestic immune 
responses, which result in higher antibody levels. Thus, on 
average, wild mallards may have had elevated antibody lev-
els with corresponding higher levels of maternal antibody 
transfer. In our captive mallards, hens were twice exposed 
to IAV and as such had higher antibody levels compared to 
a single exposure [47]. The higher antibody level associ-
ated with an anamnestic response likely increases maternal 
antibody transfer. Since mallards are known to be frequently 
exposed to IAVs in the wild, elevated antibody levels due to 
multiple exposures is likely to be common, such that high 
rates of maternal antibody transfer to ducklings is expected 
for wild mallards. Future investigation into the dynamics of 
avian influenza maternal antibody transfer in other wild bird 
species will help further inform interpretation of serological 
surveillance results in wild birds.
Conclusions
This study provides novel information on IAV maternal anti-
body persistence in mallards and adds to our understand-
ing of potential factors that may affect maternal antibody 
transfer in an imporatant IAV maintenance host. This infor-
mation is essential to IAV sero-surveillance efforts in order 
to better discern between maternal antibodies and antibod-
ies circulating in response to an IAV infection. In addition, 
the information on maternal antibody kinetics provided by 
our study adds to our understanding of seasonal patterns 
of influenza prevalence in waterfowl [48, 49] and has the 
potential to improve the timing of surveillance sample col-
lection for detecting highly pathogenic IAVs in wild water 
birds. Moreover, the data from this study can be used in 
disease dynamic models to properly account for the impact 
of maternal antibodies in IAV transmission.
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